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ABSTRACT

The pultrusion process was investigated in terms of
the thermal/cure behaviour within the product and the
interfacial stress betweeen product and the die.
Unsaturated polyester resin and glass fibre were used
throughout this study.

The cure behaviour of the resin was examined using
DSC in the dynamic mode and also using adiabatic calori-
metry. The reaction exotherm obtained by DSC was higher
than that by adiabatic calorimetry. An empirical kinetic
model was used to describe the cure reaction with para-
meters fitted using results of the two types of calori-
metry measurements. The adiabatic calorimetry was found to
be more accurate in responding to resin reactivity. Resin
with mixed initiator produced a broader and lower
exothermal peak than resin with single initiator.

Temperature profiles within the product were measured
at various process conditions. The rate of heat transfer
was found to be quite low within the product. A one
dimensional unsteady state heat transfer model was set up
for the thermal/cure simulation of the process from the
die entrance to a desired distance after the die exit. The
modelled results agreed well with the measured results.
The use of a multi-initiator resin system increased the
possible process line speed. The effects of preheating on
reducing the radial temperature difference and increasing
line speed were predicted.

The process pull force on the die was found to
increase with line speed until the product failed with
cracking at the surface. The compaction force at the die
entrance was measured with a short tapered die. The die
interfacial shear stress was measured by pulling a short
impregnated length of fibre through the die. The effect of
viscous drag, debond and Coulomb friction along the die
wall were clearly identified. Knowledge of these effects
may help to improve the process efficiency as well as

product quality.
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CHAPTER 1 GENERAL INTRODUCTION AND LITERATURE SURVEY

1.1 GENERAL INTRODUCTION

Pultrusion is a continuous process for producing
fibre reinforced polymeric composite materials with
constant cross-section profiles. The term "Pultrusion" had
been used to describe a thermoset process exclusively for
many years, and has just very recently, the process for
thermoplastics been included¢*’. The thermoset pultrusion
process starts with the pulling of the reinforcement
through a resin bath where impregnation takes place.
Excessive resin is removed by a series of stripper dies
and the wet reinforcement is shaped into the necessary
configuration before entering the main pultrusion die. The
material is then pulled through the heated metal die where
the resin cures and the pultrudate consolidates to the
final shape of the product. The product then can be sawn
off to any length needed or coiled up continuously onto
large drums. Haul off equipment is situated at a suitable
distance downstream of the die to perform a steady pulling
action. Figure 1.1 shows a typical pultrusion line for

thermoset production.

The pultrusion process was first developed in the
United States during the early 1950s'¢2>. It was regarded
as a method of making simple solid sections reinforced
with unidirectional fibre. Through decades of development

in the materials and processing technique, pultrusion has



Preforming fixtures

Heated die Pulling gear

Finished

Figure 1.1 A typical pultrusion line for thermoset
production.



evolved into a system that is capable of producing very
wide variety of solid and hollow profiles. At the same
time, the ability to tailor the properties of these
profiles to fit a wide range of engineering demands has

developed.

The pultrusion market has undergone a steady growth
in the last decade mainly due to the overall increasing
demand in composite products and the development of the
process itself. The main advantage of pultrusion is its
continuous nature, which makes it one of the most cost-
effective process for manufacturing composite products<3’,
The possibility of a high degree of automation may lead to

an increased interest in the process.

1.1.1 Process equipment and layout

The basic pultrusion line consists of the following

elements as shown in Figure 1.1,

(1) Reinforcement storage - for continuous rovings with

centre pulling packages, bookcase type shelves are
generally used. Reinforcement is led from the package to
the wet-out tank with guides at suitable intervals. It is
important that the rovings do not scrape across one
another which may generate static and cause "fuzz balls"

in the wet-out bath.

(ii) Resin wet-out bath - generally is a sheet metal

trough with rolls that force the reinforcement to submerge



in the resin mix. A comb is usually provided at the
entrance and exit ends of the bath to keep the rovings
evenly spread so that good wet-out can be achieved. Much
of the excessive resin may be stripped off by using a set

of adjustable rolls or slots at the exit end.

(iii) Preforming fixtures - bring the reinforcements to a

profile that is closer to the final shape of the product.
They may be constructed of fluorocarbon or high density
polyethylene for the ease of fabrication and low friction,
or of chrome-plated steel for wear resistance in longer

runs.

(1v) Heated die - a chrome-plated matched metal die, which

may be heated by electrical cartridges, strip heaters, or
hot o0il, is generally used to cure the resin matrix and
consolidate the material to the product shape. It is
useful to have several zones with individually controlled
temperatures to give a more accurate and flexible heating
pattern. The entrance of the die is usually tapered or
bell shaped in order to assist the wet reinforcement to
enter the die. A radio frequency (RF) heating stage may be
incorporated prior to the heated die to speed up the cure

reaction.

(v) Pulling gear - can be either a pair of continuous

caterpillar belts with pads that engage the pultrudates or
a double set of reciprocating pad pullers that perform a
continuous pull by alternate engagements. The basic
requirement of the pulling device is to provide a wide

4



range of line speed for processing needs, and once a speed
has been selected, the machine should be able to maintain
constant speed regardless of the fluctuation of force

during the process.

(vi) Cut-off saw - a manual or automatic travelling cut-

off device with an abrasive or a continuous rim diamond
wheel is used. A coolant spray is usually needed to cool
the cutting wheel and improve the appearance of the cut-
off section.

1.1.2 Materials

1.1.2.1 Resins

(1) Polyester resin - Polyester resins are solutions of

linear unsaturated polyester in a monomer such as styrene.
A typical unsaturated polyester may consist of a linear
polyester backbone produced from the esterification of
phthalic acid and a glycol, such as, for instance
propylene glycol or diethylene glycol, with the presence
of maleic anhydride which incorporated unsaturation into
the chain during the esterification. Chemical structures
of these components and a schematic representation of the
esterification reaction are shown in Figure 1.2. By
varying the proportions of these basic ingredients, the
properties of the resin may be changed to suit the final
application of the material. The resins used in pultrusion

are very reactive and usually very rigid when cured.



The cross-linking reaction, or "cure", of the
polyester resin is accomplished by adding a small amount
of initiator to the resin and usually heat is applied to
promote the reaction. Cross-linking occurs, as shown
schematically in Figure 1.3, by a free radical process via
the unsaturated reactive sites along the backbone, with
the participation of styrene monomer. The resultant
polymeric solid has a three dimensional random network

structure.

Polyester resins in general, have good physical
properties and relatively good chemical resistance. They
are easy to handle and have a wide range of applications.
Above all, they are relatively inexpensive. Polyester
resins currently have a 90% of market share in all

pultruded parts<?’,

(ii) Vinyl ester resin - Vinyl ester resins contain esters

of acrylic and/or methacrylic acids, many of which have
been made from epoxy resin. Cure is accomplished as with
polyester resins, by cross-linking with other vinyl
monomers, such as styrene, under the influence of
initiator. The chemical structure of vinyl esters resins
is such that the reaction sites are at the ends of each
polymer chain rather than along the chain length, as with
polyesters. This structure allows fewer sites for chemical
decomposition to take place along the main body of the
molecule. Thus, the chemical resistance of vinyl esters
is excellent. Vinyl esters are also better than polyesters

6
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in physical properties and handling properties. Other than
these, they maintain a high degree of resiliency. Vinyl
ester resins generally cost more than polyester resins by
25 to 35%¢‘?’>. They can be an alternative to polyesters
when corrosion resistance and elevated-temperature

mechanical properties are essential.

(iii) Epoxy resins - Epoxy resins may contain one or more

epoxide groups at the ends of the chain. They must be
cured with hardeners such as amines, anhydrides, phenols,
alcohols, and carboxylic acids. The cross-linking process
is a step-growth reaction rather than an addition reaction
as with polyesters aﬁd vinyl esters. Thus, the cross-
linking of epoxy resins are usually very slow. The kind of
resin used in the pultrusion process may be based on the
diglycidyl ether of bisphenol A (DGEBA), used with
hardener and accelerator, to achieve a rapid cure as the

temperature is raised.

Epoxy resins possess unusually good electrical,
chemical, and thermal properties. They have very low
shrinkage during cure and provide good adhesion to a
variety of materials. They are expensive not only by their
cost, but also by the difficulties involved in processing
them. They are used when properties of the highest level
are required, which is often the case in military and

aerospace applications.

(iv) Other resins - Resins based on methyl methacrylate




have been in development for several years¢*-S?. They
offer the advantage of higher physical properties, high
processing speed, and improved flame-retardant and
weathering characteristics. They may find use in where

their special properties can be applied.

Development work on phenolic resins that are suitable
for pultrusion has been carried out recently¢®’. These
systems may offer the high heat resistance, flame-

retardant and low-smoke characteristics of phenolics.

1.1.2.2 Low profile additives

During the cross-linking reaction, an appreciable
amount of resin shrinkage may occur. This can result in
surface roughness (fibre pattern) and deep sink marks. At
the same time, fine dimensional tolerances are difficult
to maintain with a high shrink system. Cure shrinkage may
be requlated by using a low profile additive. The most
common additives are poly(vinylacetate) and poly(styrene),
which are supplied as solutions in styrene monomer. Other
kinds of low profile additives have been in development
looking for improved toughness while achieving shrinkage
control¢””>, such as Kraton and conjugated diene butyl

rubber (CDB) .

During the cure reaction of low profile polyester
resin, it can be observed that the resin turns white and
opaque. This is in contrast to the clear colour obtained
with non low profile systems. Pattison et al¢®’ have

10



proposed a mechanism for shrinkage control based on strain
relief through stress induced microcracking in the low
profile additive phase. Thus the strain is accommodated
internally in a moulded part, rather than through the

shrinkage of its volume.

1.1.2.3 Inorganic fillers

The main reasons for using inorganic filler in a
resin formulation are to reduce the cure shrinkage and to
regulate the resin viscosity. The most commonly used
fillers are calcium carbonate, alumina silicate and
alumina trihydrate. Calcium carbonate is mostly used as a
volume extender for a low cost resin formulation where
performance is not critical. The clay fillers are used
where improved corrosion resistance and electrical
properties are required. Alumina trihydrate is used for
its ability to suppress flame and smoke generation and
electrical arc and track development. Fillers may be
added to the resin in quantities up to 50% of the total
resin formulation by weight. The usual volume limitation
is based on the development of the usable viscosity, which
depends on the particle size and the characteristics of

the resin.

1.1.2.4 Organic peroxides

The polyester, vinyl ester and methacrylate systems
are cured by the high-temperature decomposition of organic

11



peroxide initiators into free radicals. A variety of
initiators that provide different levels of initiation
temperature are available. Pultrusion formulations usually
employ a multi-initiator system to achieve a faster
processing speed and a higher cure degree. The most
commonly used initiators are bis(4-t-butyl cyclohexy)
peroxydicarbonate, benzoyl peroxide and tertiary butyl
perbenzoate. Their Ten-Hour Half-Life temperatures are

42°C, 72°C and 105°C, respectively*‘®’,

1.1.2.5 Internal release agents

Internal release agents are added to the resin to
reduce processing friction and provide smooth product
surfaces. The mechanism advocated to mould release is not
clearly understood. However, release agents must be
compatible during processing, not affect physical
properties of the end product, not result in undesirable
colour or colour drift. In addition, they must not leave a
surface residual that interferes with bonding if
subsequent painting or joining is needed. The amount of
release agent used in the resin formulation is usually 1
to 2% of the resin weight and no more than 4% for a low
shrinkage resin. The most commonly used internal release

agent is zinc stearate which melts at about 120°C.

1.1.2.6 Other additives

Special purpose additives would include ultraviolet

12



radiation screens for improved weatherability, antimony
for flame retardance, and pigments for coloration. Other
useful additives such as air release agents reduce the air
that entrapped in the resin and void content in the final
product. Viscosity control agents offer the incorporation
of a greater filler volume without increasing formula
viscosity. Each of them may be used for a specific kind

of filler.

1.1.2.7 Reinforcements

(1) Glass fibre - Glass fibres are the most widely used

reinforcement for polymer composites. They are low in cost
and readily available E-glass fibre, the most common
type, which is a low alkali content borosilicate. Higher

tensile strength can be achieved with S-glass fibre.

Filament diameter may be in the range 9-24 microns,
depending on different applications. Size is applied in
order to bond hundreds of filaments together to form a
strand and to protect it from abrasion, while providing it
with the properties necessary for subsequent processing
operations. For pultrusion use, fibres are usually of
soft silane type sizing to allow a good wet-out effect.
Continuous strand rovings are usually counted in Tex
(g/1000m). Continuous strand rovings, continuous strand
mat, chopped strand mat, and woven fabrics of glass fibre
are all being used in various combinations to achieve the
required properties. There are several kinds of surface

13



mats and veils of C-glass can be used to improve the

surface finish and additional chemical resistance.

(1i) Carbon fibre - Carbon fibres may be produced by the

pyrolysis of organic precursor fibres, such as rayon,
polyacrylonitrile (PAN), and pitch, in an inert
environment. These fibres deliver extremely high tensile
modulus and a rather high tensile strength while having a
low density. The special properties of carbon fibre is
its electrical conductivity and slightly negative thermal
expansion. The high price of carbon fibres may have

limited their applications to specific areas.

(1ii) Aramid fibre - This is a type of highly oriented

organic fibre derived from a nylon incorporating an
aromatic ring structure. They exhibit high tensile
strength and modulus with elongation up to 4%. This
results in very tough composites that deliver good
flexural and impact strengths. The low specific gravity
gives them one of the highest strength-to-weight ratios of
any reinforcement available, but they have low compressive

strengh¢*°?,

1.1.3 Process variables

(1) Resin formulation - The most dominant element in the

thermoset process is resin formulation. It governs the
product properties, appearance, tolerance and processing

characteristics, by selecting resin type, using chemical

14



additives and fillers. It is essential that the resin mix
be correctly engineered to meet the desired end-use
properties and maintain the processing characteristics,
such as reactivity, viscosity, mould release and pot-life,

that are necessary for an economical production.

(ii) Reinforcement composition - Continuous reinforcements

of different materials and structures are selected and
arranged to meet desired properties. The most common
combination is unidirectional rovings and continuous
strand mat. The composition and volume fraction of the
reinforcements affect the process in the resin wet-out

efficiency, cure progress and the process pull force.

(iii) Wet-out and preforming - This part of the process

requires a great deal of experience, especially in the
preforming stage. Reinforcements need sufficient residence
time in the resin bath to achieve complete wet-out. To
bring the wet materials into a complex section profile
needs precisely located fixtures and guides that have been
machined to allow multi-directional reinforcements to pass
from one place to the next before entering the heated die.
This technology is fundamental to the consistency of
mechanical properties and tolerances, and it may impose a

restriction to the process speed as well.

(iv) Die temperature - The control of the die temperature

profile may determine the rate of heating of material and
influence the cure progress of the resin. It is important
that the material reaches sufficient high temperature and
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accomplishes optimal cure degree, therefore, maintains its
required properties. A higher die temperature allows a
higher pull speed. But a too high temperature can induce
thermal stress cracking as the profile cools, results in a
product that exhibits poor electrical insulation or

corrosion resistance properties.

(v) Pull speed - The process speed will determine the

residence time of material in the die. It is essential
that, at a particular die temperature, the residence time
to be long enough to allow the cure to progress to the
extent that when the product exits the die, the strength
of the product is capable to withstand the pressure from
within, and later, the clamping pressure from the puller.
A higher pull speed increases process pull force, due to
increased resistance in each process stage. The magnitude
of the pull load is not as important as the stability of
the load. Any change in pull load is a symptom of process
problem to come, and very often, it is resolved by
adjusting the pull speed. Therefore, this pull load needs
to be monitored constantly during process. An economical
operation usually consists of a suitable high speed with

the end-use properties achieved.

1.1.4 Product quality

The product quality is assessed by checking
appearance, integrity and dimensional conformance¢**’. In
the appearance category, it may include surface roughness,
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sink marks, colour, and contamination. In the integrity
category, it may include cracking, delamination, porosity
and undercure. The dimensional conformance may include
size, angularity, concentricity, squareness, twist and
warp. Many of these defects are caused by die temperature
or line speed level, and may be resolved by adjusting
these variables. Others may be caused by faulty materials,
poor wet-out, inadequate preforming or tooling, and they

may not be readily resolved.

The most basic methods to carry out these quality
checks are observation of the product surface and section
by eyes and hear if it sounds solid when tapping the
product with a small metal object. The use of microscope
may greatly improve the inspection capability in both
product and raw materials assessments. It is very helpful
to have the resin formulation evaluated for its reactivity
and viscosity. This information may help to reduce some

causes of defect.

1.1.5 Applications

The pultruded products possess features such as high
strength, lightweight, corrosion resistance, electrical
insulation, thermal insulation, dimensional stability and
continuous length. The application of the product may
based on one or more of these features. One of the first
product was said to be fishing rod¢2’. It employed most of
the features except thermal insulation. Products such as
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power posts, ladders, third rail coverboards, and
electrical enclosures are examples of the use of
electrical insulation. Automotive leaf springs use the
high performance at less weight. In chemical plants and
farms, products are being used for walkway, bridge,
grating and supports due to their corrosion resistance
property. The uses in window frames, commercial freezers
and rollup door panels eliminate condensation and save
energy due to the insulation property. In the U.S., the
luggage rack in many buses is produced in one piece to
span the length of the bus, using the continuous nature of

the pultrusion process.

Recently developed variations on the process are
pullwinding and pullforming¢**’. Pullwinding allows the
fibre to be continuously wound into the construction of
tubes with designed fibre orientation, to give enhanced
hoqp strength so that product can be used in internal
pressure applications. Pullforming allows products not to
be limited to constant cross section or straight shape
anymore. The flexibility in process and product design may
give pultrusion a potential of even wider range of

applications.
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